Abstract-The effects of a calcium antagonist of the dihydropyridine type, felodipine, on the cerebral circulation were studied in comparison with those of nicardipine in pancuronium-bromide immobilized unanesthetized dogs. Felodipine (0.3-10 iig/ kg. i.v.) and nicardipine (0.3-10 ,cig/kg, i.v.) produced a dose-related decrease in mean blood pressure with almost equal potencies.
Abstract-The effects of a calcium antagonist of the dihydropyridine type, felodipine, on the cerebral circulation were studied in comparison with those of nicardipine in pancuronium-bromide immobilized unanesthetized dogs. Felodipine (0.3-10 iig/ kg. i.v.) and nicardipine (0.3-10 ,cig/kg, i.v.) produced a dose-related decrease in mean blood pressure with almost equal potencies.
However, at a dose of 3 iig/kg, felodipine produced a more prominent increase in cerebral blood flow (CBF) than nicardipine.
Decreases in cerebral vascular resistance were significantly greater in the felodipine group at doses of 0.3 and 3 /tg/kg, when compared with the nicardipine group.
Cerebral oxygen consumption calculated by multiplying the arterio-venous difference of oxygen content by CBF was increased by these two drugs, but the changes were minimal. These data suggest that the increase in CBF produced by felodipine and nicardipine was primarily due to the direct dilatation of the cerebral blood vessels.
Felodipine, ethylmethyl 4-(2,3-dichloro phenyl) -1,4-dihydro-2,6-dimethyl-3, 5 -pyr idinedicarboxylate, (Fig. 1 ) is a derivative of dihydropyridine that dilates peripheral vessels (1) and coronary arteries (2) signifi cantly, and it is thought to be useful for the treatment of hypertension and angina pectoris.
In recent years, calcium antagonists of the dihydropyridine type such as nicardipine (3, 4) and nimodipine (5, 6) were found to be effective for the treatment of cerebral ischemia or the cerebral vasospasm secondary to the subarachnoid hemorrhage.
Although it was already reported that felodipine increases the cerebral blood flow in SHR (7) and renal hypertensive rabbits (8) using the microsphere distribution method, precise analysis was not done yet. In the pre sent study, we have examined the effect of felodipine on the cerebral blood flow in re lation to the effects on the cerebral oxygen * To whom all correspondence should be addressed .
consumption and the systemic hemodynamics using immobilized unanesthetized dogs. For comparison, the effects of nicardipine were also studied.
Materials and Methods
Mongrel dogs of either sex, weighing 8-11 kg, were anesthetized with sodium thiopental (30 mg/kg, i.v.), and an endotracheal tube was inserted into the trachea. Anesthesia was maintained by artificial ventilation with 1 % halothane.
Arterial blood pressure was monitored by a pressure transducer (Statham P-50) connected to the catheter introduced into the right femoral artery. Heart rate was counted continuously with a cardiac tachom eter (San-ei 477B) triggered by aortic pressure pulses. The pH, Pot and Pco2 of the arterial blood drawn from the right axillary artery via polyethylene catheter were mea sured by a blood gas analyzer (Radiometer Blood Microsystem BMS3MK2) and main tained around 7.3-7.4, above 100 mmHg and 30-40 mmHg, respectively, by adjusting the ventilation rate and the tidal volume.
Measurement of the cerebral blood flow was conducted following the methods of Michenfelder et al. (9) and Chin et al. (10) (venous outflow method). Briefly, the head of the dog was fixed by ear bars in an upright position, the sagital sinus was exposed by a midline frontal-occipital incision, and a craniotomy was performed using a dental drill (Beaver-Labo, Osaka Electric). To ex clude contamination from the extracranial circulation, bilateral incision of the frontal occipital bone was made by the dental drill, and the bone edges were packed with bone wax (Lukens Bone Wax 900) to occlude the diploic vein. The sagital sinus was cannulated with a tapered polyethylene cannula. The blood outflow from the sinus was measured by an electromagnetic flowmeter (Statham SP 2201) and drained into the jugular vein. The blood flow (CBF) was calculated using the following formula: CBF= BWx0 .43 x 100 (ml/ 100 g/min) CVF: cerebral venous outflow (ml/min) BW: brain weight (g)
The cerebral vascular resistance was calcul ated dividing the mean arterial blood pressure by the cerebral blood flow. To measure the arterio-venous difference (A-V02) of the blood oxygen content, the arterial blood from the femoral artery and the venous blood from the sagital sinus were diverted to an arterio venous oxygen difference recorder (A-Vox System) distal to the flow probe at a con stant rate of 7 ml/min by a roller pump (LKB Multiperpex 2115). The cerebral oxygen con sumption (CMRO2) was calculated on the basis of Fick's principle using the following formula:
CMRO _ CBFx.A-V02 difference 2 100
(ml/100 g/min) Before cannulation of the sagital sinus, dogs were heparinized intravenously with 500 U/kg of heparin and a further 100 U/kg was added every hour thereafter. After com pletion of the operation, halothane anesthesia was stopped, and the animals were ventilated artificially by air. To immobilize the animal, 0.08 mg/kg of pancuronium-bromide (Mioblock Injection, Organon) was injected every hour intravenously.
After the experi ments, the animals were put to death under anesthesia, and the brain was taken out and weighed.
Drugs were administered intra venously in a step-wise fashion after almost complete recovery of each parameter to the pre-drug values (after about 15 min).
Statistical analysis: All values are expressed as the mean±S.E.M.
Values obtained after treatment were compared with the pre-drug values by means of Student's paired t-test, and the differences between the groups were compared by means of Student's unpaired t test. P values less than 0.05 were regarded as significant.
Drugs: Felodipine (synthesized at Hassle) was dissolved at first in a small amount of ethanol. After addition of polyethylene glycol 400, the solution was adjusted to 45% polyethylene glycol 400 by adding distilled water. Nicardipine hydrochloride (Yamano uchi Pharmaceutical Co.) was dissolved with 45% polyethylene glycol 400 solution. Both of them were diluted with 45% polyethylene glycol to the desired concentrations for ad ministration.
Administration of the solvent alone did not produce any change in any hemodynamic parameter.
Results In this experiment, dogs whose CBF in creased more than 70% by 8% CO2 inhalation were used to investigate the effects of drugs on CBF to avoid the contamination with the extracerebral blood. All the parameters moni tord just before the drug administration are shown in Table 1 . Significant differences were not observed in any parameter between the felodipine and the nicardipine groups, and the C02 responses were not different in both groups (342.8±38.8% for the felodipine and 301.8±40.8% for the nicardipine group).
The time courses of the changes in heart rate (HR), mean blood pressure (MBP) and cerebral blood flow (CBF) induced by felodi pine (0.3-10 /,,g/kg, i.v.) and nicardipine (0.3-10 ug/kg, i.v.) are shown in Fig. 2 . Data were expressed as percent changes from the pre-drug values. Felodipine did not change HR significantly at a dose range of 0.3-3 ug/kg, but a significant decrease was observed 1 min after the administration of 10 ug/kg. Nicardipine (3 ug/kg) decreased HR slightly at 1-2 min (about 2%). Felodipine lowered MBP dose-dependently at a dose range of 0.3-10 ug/kg. At a dose of 1 ug/kg, the maximal decrease in MBP (--7.0%) was observed 1 min after the administration, while the maximal decreases (-12.9% and -24 .1%, respectively) were observed at 2 min at doses of 3 and 10 ug/kg. Nicardipine produced a dose-dependent decrease in MBP at a dose range of 0.3-10 ug/kg. The minimum value was attained 1 min after the administration.
The hypotensive efficacies of these two drugs seem to be almost equal. Felodipine increased CBF dose-dependently at a range of 0.3-3 ug/kg. The maximum value was attained at 1 min. The maximum in crease in CBF (32.2%) was observed at a dose of 3 ug/kg. The maximum increase in CBF observed at 5 min at a dose of 10 ug/kg was smaller than that observed at 1 min with 3 ug/kg. Nicardipine produced a dose-related increase in CBF in a dose range of 0.3-10 ug/kg; 3 and 10 ag/kg of nicardipine maxi mally increased CBF by 9.5% (at 2 min) and 25.5% (at 0.5 min), respectively. The felodi pine-induced increase in CBF was more prominent than the nicardipine-induced one at a dose range of 0.3-3 ug/kg. Figure 3 depicts the dose-effect relation ship of the maximal decrease in MBP induced by felodipine and nicardipine.
Both of the drugs lowered MBP in a dose-related manner, and the efficacies are almost equal to each other at the dose range of 0.3-10 ug/kg. The times required to reach the minimum were not significantly different between the drugs in any dose. As shown in Fig. 4 , felodipine and nicardipine induced the increases in CBF which were associated with decreases in CVR. The times required to reach the maximal level of CBF were not different significantly Heart rate (HR), mean blood pressure (MBP), cerebral blood flow (CBF), cerebral vascular resistance (CVR), cerebral oxygen consumption (CMR02), artertal blood contents of oxygen (Po2) and carbon aioxide (Pco2) and pH. Each value represents the mean±S.E.M. of 6 experiments. between the felodipine and the nicardipine groups at any dose. Felodipine produced a more prominent increase in CBF than nicardi pine at a dose of 3 ,ug/kg (36.0% and 16.4%, respectively).
The decrease in CVR produced by felodi pine was significantly greater when compared with that by nicardipine at doses of 0.3 ,ug/kg (-9.7% and -3.3%, respectively) and 3,ug/kg (-33.7% and -19.0%, respectively) (Fig. 5) . The relationship between the percent change in CBF and the percent change in CMRO2 is shown in Fig. 6 . Although CMRO2 was increased by these drugs, the regression lines depart far from y=x at any dose, being y=3.83x for felodipine and y=2.70x for nicardipine. The gradients of these lines are not significantly different from each other.
Discussion
The effects of felodipine on the cerebral blood flow have already been studied in the spontaneously hypertensive rat (7) and in the renal hypertensive rabbit (8) . However, in these studies, the cerebral blood flow was measured with the microsphere method, and the effects on the cerebral oxygen consump tion were not evaluated. To analyze the effects of drugs on the cerebral blood flow in relation to those on the cerebral oxygen consumption, we used the dog and measured the cerebral blood flow with a venous outflow method. This is the only method with which the cerebral blood flow with virtually no con tamination with the blood from the ex tracerebral circulation could be measured in the dog together with the cerebral oxygen consumption with a minimal surgical disrup tion of the normal cerebrovascular anatomy. To further ascertain that only the blood from the brain was led out, we used dogs whose cerebral venous outflow increased more than 70% by C02 inhalation (there existed no dif ference in the reactivity to CO2 between the felodipine and the nicardipine groups). The sagital sinus outflow measured with this method represents about 43% of the total brain circulation area (9, 10) .
The increase in cerebral blood flow was observed with doses of felodipine about 1 /3 of those used in the hypertensive rabbits (8) and less than 1/10 of those used in the SHR (7) . This may be due to the species differences and/or the state of the animals.
Felodipine produced a prominent increase in CBF associated with a decrease in CVR that was greater than that produced by nicardipine at doses of 0.3-3 ,ug/kg, while the decreases in MBP produced by these two substances were almost the same. The increase in cerebral blood flow produced by 10 ag/kg of felodipine was smaller than that produced by 3 ug/kg of this compound. As the cerebral vascular resistance was further decreased with this dose, the smaller increase in flow may be ascribed to the profound fall of the blood pressure and the marked decrease in heart rate produced with this dose. These data suggest a higher selectivityof felodipine on the cerebral vessels as compared with nicardipine. Pearce and Bevan (11) pointed out that the low selectivity of diltiazem on the cerebral vasculature might be ascribed to its low hy drophobicity. The high selectivity of nimodi pine was explained by Haws et al. (12) on the basis of its high hydrophobicity. The higher selectivity of felodipine on the cerebral blood vessels as compared with that of nicardipine could be explained by the higher hydropho bicity of the former. Although both these two compounds are more soluble in organic solvents than in water, the organic solvent/ water solubility ratios are much higher with the former than with the latter (data not shown).
The cerebral oxygen consumption (CMRO2) calculated by multiplying the A VO2 difference by CBF was increased after administration of felodipine and nicardipine. The increases were observed at 5 or 10 min after administration when CBF reached a steady plateau level, indicating the enhance ment of the cerebral metabolism by these two drugs. This is in accordance with the results of experiments conducted by d'Avella et al. (13) in unanesthetized rats with nimodipine, another dihydropyridine calcium antagonist. Although Haws et al. (12) and Mohamed et al. (14) reported that nimodipine did not in crease CMRO2 or cerebral glucose uptake, their experiments were conducted in an esthetized animals. As a possible explanation for the enhancement of the cerebral metabolic rates, the elevation of cyclic AMP level due to inhibition of phosphodiesterase (15, 16) could be invoked, for it was known that intracarotid administration of cyclic AMP or intracisternal dibutyryl cyclic AMP could increase CBF, CMR02 and cerebral glucose consumption and reduce CVR in the baboon (17) . The part of the increase in CBF produced by felodipine and nicardipine may be ex plained by the enhanced CMR02. However, the percent increases in CMR02 produced by felodipine and nicardipine were much smaller than those in CBF, indicating that the in crease in CBF produced by these drugs was mainly due to a direct vasodilating action on the cerebral blood vessels; if a substance in creases CBF through enhancement of the cerebral oxygen consumption, the percent increase in CBF would be equal to the percent increase in cerebral oxygen consumption (10, 14) .
